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ABSTRACT
In this study, we assessed the importance of attenuation correction by quantitative evaluation of errors associated
with attenuation in myocardial SPECT in a phantom study. To do attenuation correction we use an attenuation
map derived from X-ray CT data. The succession of attenuation correction highly depends on high quality of
attenuation maps. CT derived attenuation map in related to non-uniform attenuation correction is used to do
transmission dependent scatter correction. The OSEM algorithm with attenuation model was developed and used
for attenuation correction during image reconstruction. Finally a comparison was done between reconstructed
images using our OSEM code and analytical FBP method. The results of measurements show that: Our programs
are capable to reconstruct SPECT images and correct the attenuation effects. Moreover to evaluate reconstructed
image quality before and after attenuation correction we applied a famous approach using Image Quality Index.
Attenuation correction increases the quality and quantity factors in both methods. This increasing is independent
of activity in quantity factor and decrease with activity in quality factor. Both quantitative and qualitative of
SPECT images were improved by attenuation correction. In both OSEM and FBP the activity ratio of heart
phantom in comparison with the markers was very increased. So the attenuation correction in fat patients and
low activity is recommended. Attenuation correction with CT images and OSEM reconstruction in the condition
of complete registration yields superior results.
Keywords: Attenuation correction, OSEM image reconstruction, SPECT, Attenuation Map, Image Quality
Index.
1. INTRODUCTION
In quantitative single-photon emission computed tomography (SPECT), the concentrations of absolute radionu-
clide is determined that allows important information to be acquired regarding in vivo function. Due to some
degrading effects such as attenuated and scattered photons, this information has not been available from SPECT
studies.1 Additionally, quantitative data from structures that have sizes less than around three times bigger
than the total system spatial resolution can also be affected by the partial volume effect.2 In this case, computed
tomography (CT) has been used as an accurate imaging system to use for non-uniform attenuation correction.3–5
This approach relies on the use of an attenuation µ map which is produced from the CT data applying a con-
version from Hounsfield units to attenuation coefficients. This method for attenuation correction has become
very practical by presenting combination of SPECT/CT systems, and offers the additional information on fusing
high-resolution anatomical structures together with functional images.6
In myocardial perfusion studies, the diagnostic application of using SPECT on myocardial perfusion imaging
is well established to diagnosis risk-stratified patients for possibility of myocardial infarction or cardiac death,
coronary artery disease, and guiding management decisions for people with known or suspected cases for coronary
artery disease.7,8 However, the full clinical potential of SPECT has not been understood due to many factors that
cause artifacts.9 These artifacts reduce image quality and consequently, increase the mistakes on the decisions.
As we mentioned above, the important factors which decrease the quality of SPECT images are attenuation of
photon, geometric detector response, and scattering. Suitable corrections for scatter and attenuation of photon
are essential for quantitative studies in SPECT. Accurate attenuation correction can be performed if we access
to body attenuation map. This map can be acquired using either an external source or CT.
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Figure 1. Photon attenuations and their effects on measured projections. Lines, photoelectric absorption. Dash lines,
Compton scattering show different possible paths. For more information see8
1.1 Physics of Attenuation
Photon Attenuation within the body is normally accepted as the physical phenomena that affects interpretation
and quantitative accuracy of myocardial perfusion SPECT images.9–11 Physical models of attenuation are
characterized by a complex set of energy and tissue dependent interactions as photons traverse the body.12
The range of energies that single photon emits radioisotopes, (70-360 keV), and physical characteristics of
tissues describing the predominant effects are photoelectric absorption and Compton scattering interactions.12,13
Attenuation is an exponential procedure introduced by the linear attenuation coefficient µ, expressed normally
in units of cm−1, and expresses the probability per unit path length that interactions will happen.12 When
attenuation coefficient, µ, is determined, the value acquired depends on the portion of scatter included in the
measurement.12 In CT, µ is represented in Hounsfield units relating all µ values to the value for water.15
Attenuation interactions also can be specified by the half-value layer, which presents the path length needed
to reduce the intensity of beam by 50%.12,13 For the proper energy range, these values are around 4 to 6 cm
in soft tissue and show the considerable impact of attenuation. In SPECT, because the spatial distribution
of µ and its impact on the projection images is unknown, more information is needed to revise these effects.
Therefore, independent measurement of the attenuation distribution is used with new reconstruction algorithms
to do attenuation correction. Fig. 1 shows the effect of photoelectric absorption and Compton scattering and
the variety values of µ in the thorax.
1.2 Iterative Reconstruction
There are several advantages when Attenuation map generated from CT images such as improved image quality
and shorter acquisition time. The most important role of CT in SPECT imaging is to produce accurate non-
uniform attenuation correction. Attenuation correction moved forward to clinical implementation as a result of
new reconstruction methods referred to jointly as iterative algorithms.14–17 Iterative algorithms supply a broad
mathematical skeleton that allows the modeling of physical processes and noise properties from the emission
and detection processes.14 From reconstruction algorithms view point, in order to compensate the attenuation
in filtered back projection (FBP) reconstruction, data should be corrected before or after reconstruction. The
main problem in correcting data before reconstruction is that we need to determine compensation value for each
pixel of the projections. There are some studies that explain approximate methods for attenuation correction
before reconstruction.1,18–20 Applying of these methods is limited to uniform activity distribution inside uni-
form attenuating tissue. Using attenuation correction on reconstructed image corrects the constraint on activity
distribution; but, it still has problem on uniform attenuation media.21 There are some methods to correct the
reconstructed images for non-uniform attenuating media;22–25 however, in the case of noise reinforcement, specif-
ically at the center of objects, it is more affected by attenuation. On the other hand, iterative reconstruction
methods are better suited for attenuation correction because of more realistic models of them to produce math-
ematical projections and consequently realistic reconstructed images.11,17,24,26–29 The most common iterative
method in SPECT is maximum likelihood expectation maximization (MLEM).16,17 Nowadays, ordered-subsets
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expectation maximization (OSEM) which is a fast implementation of MLEM is commonly used.30–33
The aim of current study is to establish a comprehensive quantitative approach using CT-derived corrections for
attenuation, validated in the clinical setting. Here, we introduced a method for incorporating attenuation map
during OSEM. We evaluated the effect of attenuation correction of SPECT images in heart phantom with CT
derived attenuation.
2. PROPOSED METHOD
2.1 Phantom study
In this study a heart phantom based on SPECT system was created. This phantom has 4 fillable cylinders.
Three cylinders were filled with water, as soft tissue and inner parts of heart, and one cylinder was filled with
99mTc, as a heart wall. To determine the reference image, the phantom was filled with 0.3mCi 99mTc and for
8 minutes high count planar image was acquired with matrix size of 256 × 256. The SPECT imaging was in
32 projections (25 seconds for each) with 64 × 64 matrix size and activities of 0.3, 0.5, 1, and 2 mCi. We used
different thickness for the attenuator using 2 sizes of breast and 2 different bolus sizes, (1.1cm and 2cm).
2.2 Image Reconstruction
All of the SPECT images were reconstructed using both FBP and iterative OSEM reconstruction methods. For
the FBP reconstruction we did reconstructions with all current filters.
Figure 2. Reconstructed image using filtered back projection algorithm with filters implemented in MATLAB with certain
cutoffs.
The Raw data were also reconstructed using the OSEM algorithm. In this part our 32 projections were
classified in 4 sets of 8 projections. This means 16 angles per set for 360 degrees and 8 angles per set for 180
degrees SPECT. It is clear that the reconstructed image uniformity with OSEM changes as a function of iteration
number. Moreover, for system matrix we used rectangular cross section model.34 In this model we assumed that
the cross section area of pixel j and detector i view is proportional to the probability of detection of emitted
photon from pixel j in detector i.
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Figure 3. Reconstructed image using filtered back projection algorithm with Butterworth filter implemented in MATLAB
with certain cutoffs.
Figure 4. Reconstructed image using filtered back projection algorithm with Metz filter implemented in MATLAB with
specific cutoffs.
2.3 Determination of attenuation map
There are number of methods for determination of attenuation map. However, use of CT is the most precise
techniques to calculate attenuation map.19 In this study we used CT scanner from Siemens Company with 120
keV and 50 mAs to determine attenuation map. In CT images after 2 steps the attenuation map was determined:
(1) registration of CT with SPECT images using some markers, (2) converting CT numbers to linear attenuation
coefficients for the emitted photons of 99mTc. For registration part at first two tubes as our markers was selected
after that adjustment of resolution in SPECT and CT images. In the SPECT our acquisition matrix was 64×64
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Figure 5. Reconstructed image using OSEM algorithm with different number of iterations and subsets implemented in
MATLAB.
Figure 6. . Calibration curve for transferring CT numbers to attenuation coefficients of 140 keV photons [14].
and in CT it was 256× 256, so the converting factors for these two kinds of images were calculated. For this we
know: Field of View (FOV)= matrix size × pixel size.
(FOV )SPECT = 64(pixel)× 6.60(mm/pixel − size) = 422.40mm
(FOV )CT = 512(pixel)× 0.78(mm/pixel − size) = 399.36mm
Therefore, the transferring factor for these two imaging modalities is: 422.40399.36 = 1.06. In the second step we
converted CT numbers to linear attenuation coefficients for the emitted photons of 99mTc using calibration curve
by Larsson.35
According to this curve, converting factor for CT numbers is in following:
µ(j) = 9.05× 10−5HU(j) + 0.154(HU ≥ 0)
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Figure 7. OSEM reconstructed image. Before attenuation correction (top) after attenuation correction (bottom).
Figure 8. FBP reconstructed image. Before attenuation correction (top) after attenuation correction (bottom).
µ(j) = 1.54× 10−4HU(j) + 0.154(HU < 0)
Where HU (j) is Hounsfield numbers of pixel j in 120keV and µ(j) linear attenuation coefficient, cm−1.
2.4 Attenuation correction algorithm
In this section we used reconstructed images by means of system matrix. Using this attenuation map, in each
angle, attenuation factor was calculated for each pixel as:
exp(µx(i, j)) = exp
k−1∑
q=1
−µ (N(q)L(i,N(q))− 0.5µ(j)L(i, j) (1)
According to this equation we calculated the attenuation of pixel j in bin i where N is number of pixels which
were in direction of detector i view, L (i, j) is length of detector i in pixel j, k is the kth pixel in direction seen
by detector; therefore, the attenuation from first pixel to (k− 1)th was contributed in the attenuation of photon
and the half of path length in pixel j. The attenuated system matric was determined by:
aij = (cross− section− area)ij × exp(µxij)
or The probability of detection times attenuation
2.5 Image quality and quantity assessment
To evaluate reconstructed image quality before and after attenuation correction we used a reference image using
Image Quality Index.36,37 We determined the image quality index using:
Q =
4σxyx¯y¯
(σ2x + σ
2
x)(x¯
2 + y¯2)
(2)
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Where x and y are mean pixel values of the test and reference images, σx and σy are standard deviation of test
and reference images, and σxy =
1
N−1
∑N
i=1(xi − x¯i)(yi − y¯i)
This index compare test image with reference image so the more similarity the more value for this index. At
last we determined quality factor by the ratio of this index for corrected and uncorrected images. For quantity
assessment purpose, by using reference image we determined system response after that by help of this response,
activities of different parts of the image converted to counts. We determined quantity factor by the ratio of the
counts for corrected and uncorrected images.
3. RESULTS
Quantitative and qualitative factors are increased with attenuation correction in both FBP and OSEM re-
constructed image. Quantitative factor for phantom changed between 3.3 to 5.1 for minimum and maximum
attenuation respectively. The qualitative factor varied from 10 to 19.5 for both minimum and maximum atten-
uation.
Figure 9. FBP reconstructed image. Before attenuation correction (a) attenuation map (b) after attenuation correction
(c).
Figure 10. OSEM reconstructed image. Before attenuation correction (a) attenuation map (b) after attenuation correction
(c).
4. DISCUSSION AND CONCLUSION
Overal, using Computer-Aided Diagnosis system in all medical imaging aspects would save the workload and time
of well-paid clinicians and helps them in their final decisions. Also it allows hospitals to use their resources in other
important tasks.38–40 In general, spatially registered SPECT images combine with CT information can be applied
to correlate physiological data from the emission image with anatomical data from the transmission image.41
From quantitative studies view point,40 CT images create an attenuation map to correct attenuation errors in
the SPECT images.3,42,43 Moreover, if the CT images have enough resolution and contrast, they provide spatial
information to correct and revise the SPECT image from partial volume errors.4,43 Computer simulations and
phantom study have found that CT-derived attenuation maps with as great as 6% errors result in SPECT images
in which the myocardial radionuclide concentration is accurate to within 1% and only insignificant artifacts are
seen in bone regions. Some studies44,45 have demonstrate that the signal-to-noise ratio in CT images is above that
needed for attenuation correction of SPECT.4 The CT-derived attenuation map for the torso phantom is more
than these empirically-based needs for attenuation correction in both accuracy and precision. The important
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limitation of SPECT/CT systems in providing quantitative data about the activity distribution is related to the
severe degradation of the acquired information by different physics effects.25,46,47 One of these image-degrading
issues is attenuation of photon as it passes through different layers of tissue, and loss of resolution because of
collimator blurring. The relative impact of this problem in the SPECT quantitative accuracy was investigated in
some studies.47,48 Combination of an accurate explanation of physics phenomena into reconstruction methods
provides an useful way to improve quantitative properties of the recovered image.49,50
In this study, both quantitatively and qualitatively of SPECT images were improved by attenuation correction.
Without attenuation correction, the SPECT images of the phantom reconstnicted is not accurate both in absolute
quantitation and in relative intensities within the image. In both OSEM and FBP the activity ratio of heart
phantom in comparison with the markers is very increased. For example, this ratio for activity of 0.3 mCi,
for phantom itself changes from 1.20 to 3.76 and for phantom plus breast and bolus changes from 1.36 to 5.1.
According to our results for effects of low and high activities, qualitative values are increases when we increase the
size of attenuators and consequently that means the correction is better. The pixels near to the attenuator have
higher attenuation because of the principle that when distance is increased in each projection the probability of
photon passing through tissue is decreased. It seems qualitative values are decreased when activity increased and
quantitative values are independent of activity. According to the results, attenuation correction is more effective
in low activity images (or low count) or with thick attenuator. Moreover, we recommend accurate registration
of CT and SPECT images because of important role of attenuator image.
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